Thin film composite (TFC) membranes have attracted increasing interest to meet the demands of industrial gas separation. However, the development of high performance TFC membranes within their current configuration faces two key challenges: (i) the thickness-dependent gas permeability of polymeric materials (mainly polydimethylsiloxane (PDMS)) and (ii) the geometric restriction effect due to the limited pore accessibility of porous substrates. Here we demonstrate for the first time that the incorporation of trace (~1.8 wt%) amounts of amorphous metal-organic framework (aMOF) nanosheets into the gutter layer of TFC assemblies can simultaneously address these two limitations, with experimental evidence revealing the creation of rapid gas diffusion pathways along horizontal direction. Leveraging this strategy, we successfully fabricated a novel TFC membrane, consisting of a PDMS/aMOF gutter and an ultrathin (~54 nm) poly(ethylene glycol) top selective layer via surface-initiated atom transfer radical polymerization (ATRP). The complete TFC membrane exhibits excellent processability and the highest CO2 permeance (1,990 GPU with a CO2/N2 ideal selectivity of 39) yet observed for a TFC membrane employing a PDMS gutter layer. This study reveals an avenue for the design and fabrication of a new TFC membrane system with unprecedented gas separation performance. 201606260063). Qiang Fu acknowledges the Australian
Introduction
Thin film composite (TFC) membranes for gas separation, usually consisting of a porous bottom support layer, a highly permeable intermediate gutter layer and an ultrathin top selective layer, are considered promising candidates to meet the requirements for high-throughput post-combustion CO2 capture. [1] A polymeric intermediate gutter layer is essential within a TFC configuration, acting as a multi-functional coating, which can improve the compatibility between the top selective layer and the lower porous support, i.e. preventing the penetration of dilute polymer solution into the porous structure and rendering a smooth membrane surface. [2] Frequently, the gutter layer is composed of polydimethylsiloxane (PDMS), which has been the most widespread choice in industry due to its relatively good chemical and thermal stability, as well as high gas permeability and excellent processability. [3] However, the observed permeability of PDMS gutter layers documented in the literature deviates from the theoretical value as the thickness of the PDMS layer is reduced, though the permeability should be independent of film thickness. [4] As an illustrative example, the observed CO2 permeability across a ~230 nm PDMS layer on a microporous polyacrylonitrile (PAN) support is only 660 Barrer, much lower than that of a 35 µm PDMS gutter layer (3, 800 Barrer) at 35 °C. [3, 5] This discrepancy is suggested to be due to various nonequilibrium sorption-desorption effects dominating at the polymer interface, as well as morphological changes in the crosslinked polymer network. [4, 6] Furthermore, the geometric restriction in a TFC membrane assembly resulting from the limited pore accessibility of porous substrates further exacerbates such thickness-dependent permeability. [7] Consequently, these two issues have become significant obstacles to the development of high-performance TFC membranes.
In an effort to address these issues associated with gutter layers, the Park group reported an alternative Teflon (AF2400) based gutter layer, which displayed excellent CO2 permeance (> 30,000 GPU). [6b] More recently, the Qiao group has developed a gutter layer composed of microporous metal-organic framework (MOF) with similar gas permeance. [8] However, gutter layers made from MOFs or Teflon materials display lower flexibility, processability and high cost. Furthermore, similar to other highly permeable polymers such as poly(1-(trimethylsilyl)-1-propyne) (PTMSP) and polymers of intrinsic microporosity (PIM), [9] amorphous Teflon also suffers from a physical aging effect, limiting its impact in an industrial setting. [10] The key question here is: Can we enhance the performance of a PDMS gutter layer to the levels achieved for MOF-, Teflon-, or PTMSP-based materials, while simultaneously offsetting the traditional thickness-dependent permeability and geometric restriction of porous substrates, without affecting their high processability?
Herein, we report a straightforward strategy to dramatically increase the gas permeance of conventional PDMS gutter layers by incorporating trace amounts of novel, ultrathin MOF nanosheets. For the first time, we demonstrate that such a gutter layer incorporating just ~1.8 wt% MOF nanosheets can result in over 3-fold increase in gas permeance compared to pristine PDMS of similar thickness, while maintaining excellent processability. Investigation via a comparative experimental approach reveals a unique mechanism behind the enhancement delivered by MOF nanosheets through accelerated transmembrane gas transport pathways. Such a straightforward doping method is readily generalized to a range of existing TFC materials, providing a state-of-the-art strategy to directly improve the gas separation performance of current TFC membrane assemblies. MOFs are porous hybrid materials synthesized via linking inorganic metallic nodes and organic ligands through strong coordination bonds in an infinite manner. [11] Most reported MOFs have clear crystalline X-ray diffusion (XRD) patterns as a result of their long-range coordination profiles. However, according to the MOF definition by the International Union of Pure and Applied Chemistry (IUPAC), [12] there is no specific requirement for longrange order or crystallinity in a MOF structure. As a counterpoint, amorphous MOFs (aMOFs) possess the basic constituents and connectivity of crystalline MOFs and are emerging as functional, porous materials for applications in reversible gas storage and controlled drug delivery. [13] As suggested by their name, aMOFs usually display broad, diffuse XRD patterns due to their lack of long-range periodic order caused by the aperiodic arrangements of their constituent atoms. In this work, ultrathin aMOF nanosheets were firstly synthesized via a simple coordination modulation method. The ligand 2,5-dioxido-1,4benzenedicarboxylate (DOBDC) contains two types of metalcoordinating groups, namely: (i) the two carboxylic acids (-COOH) and (ii) the two hydroxy groups (-OH). As illustrated in Figure 1a , the Cu 2+ ions can coordinate with a capping molecule (acetonitrile, CH3CN) and the DOBDC simultaneously during the synthesis process. In this case, the interaction between metal and CH3CN as a neutral Lewis base is favored over the interaction between the metal and functional groups (-COOand -O -) of the charged ligand. [14] Due to the single coordination site of CH3CN, the framework extension and crystal growth of the MOFs is distorted, resulting in an aperiodic arrangement of the building blocks and anisotropic growth of the MOFs into a two-dimensional (2D) amorphous structure ( Figure 1a and Figure S1 ). In contrast, the preparation of crystalline analogue (MOF-74-Cu) via a conventional growth method results in rod-like particles ( Figure  S2 ).
Results and Discussion

MOF Synthesis
The prepared aMOF nanosheets appear round in shape with a diameter of ~2 µm (Figure 1b and c). The thickness of the nanosheets is around 6 nm, as determined by atomic force microscopy (AFM, Figure 1b ). In addition, no electron reflection was observed when assessing the nanosheets by high resolution transmission electron microscopy (TEM), indicating the amorphous nature of the prepared MOF nanosheets (Figure 1d ). The X-ray diffraction (XRD) and Raman spectra of the aMOF nanosheets reveal broad, diffuse peaks in comparison with crystalline MOF-74-Cu, [15] offering further support for their amorphous structure (Figure 2a and b). Significantly, the aMOF nanosheets display a similar attenuated total reflectance Fouriertransform infrared (ATR-FTIR) spectroscopy as the crystalline MOF-74-Cu (Figure 2c ), suggesting a similar coordination profile between the two morphologies. The bands at 1450-1500 cm -1 and 1580-1600 cm -1 (red region) are indicative of the C-C=C asymmetric and symmetric stretching vibrations of the aromatic ring within the MOFs, respectively. The broad band between 2400 cm -1 and 3400 cm -1 indicate the O-H stretching vibrations of the carboxylate and hydroxy groups in the DOBDC ligand. Such band intensity in the aMOF nanosheets and crystalline MOF-74-Cu are weaker than that of pristine DOBDC ligand. This is attributed to the deprotonation and coordination with Cu 2+ of the hydroxy and carboxylate groups of the DOBDC ligand. In addition, the stretching vibrations of C=O and C-C=C exhibit a blue shift phenomenon and the peaks between 2400 cm -1 and 3600 cm -1 become broader. Examining the aMOF nanosheets and crystalline MOF-74-Cu using X-ray photoelectron spectroscopy (XPS) (Figure 2d Such observations are consistent with previous study by Dietzel et al. [16] where it was suggested that in the presence of an insufficiently strong base, only the two -COOH groups were deprotonated and coordinated with metal ions to form CPO-26 MOFs with a PtS type structure. The -OH groups participate indirectly by forming intramolecular hydrogen bonds with the oxygen atoms of the adjacent -COOgroups. To further confirm the coordination motif in the obtained aMOF nanosheets, the DOBDC was firstly dissolved in an equimolar mixture of dimethylformamide-d7 (DMF-d7) and acetonitrile-d3 (CD3CN-d3) to mimic the experimental deprotonation conditions, resulting in an acidic solution with a pH of 5~6. As shown in Figure S3 , only the peak representing the Ar-H is observed in the 1 H NMR spectrum of the mixed solution. This result suggests both the -COOH and the -OH groups were in their deprotonated form, and available for coordination with Cu 2+ during the MOF synthetic process. [17] Significantly, both the aMOF nanosheets and their crystalline MOF-74-Cu equivalent exhibit type II N2 adsorption/desorption isotherms at 77 K, indicating similar structural profiles as well as strong interactions between MOFs and N2 ( Figure S4 and S5). The aMOF nanosheets show relatively lower surface area (97.9 m 2 /g vs. 580.7 m 2 /g) and total pore volume (0.02 cm 3 /g vs. 0.69 cm 3 /g) than those of MOF-74-Cu as expected, due to its amorphous nature and the aggregation of nanosheets after physical drying. [8b] Importantly, the aMOF nanosheets displayed a higher CO2 adsorption than N2 at 373 K due to the stronger interactions between CO2 and Cu 2+ open metal sites ( Figure S7 ). The pore size of the aMOF nanosheets appears to be predominantly distributed around 1.3 nm, which is in accordance with the structural porosity (1.1 nm) of the crystalline MOF-74( Figure S5 inset). This result further confirms the presence of short-range order in the aMOF nanosheets. [18] In addition, a secondary pore size at 2.3 nm is also observed in the pore size distribution profile. This may be attributed to the distorted coordination structure within the aMOF nanosheets, resulting in interconnected large pores ( Figure S6 ). Examining the aMOF nanosheets by thermogravimetric analysis (TGA) reveals a lower thermal stability in comparison with the crystalline MOF-74-Cu, due to their amorphous character ( Figure S8 ). Interestingly, only the copper-based aMOFs displayed a 2D morphology, while other MOFs composed of alternative metal nodes (Mg, Al, Fe, Co, Ni, Zn, Mn, Zr) via the same method exhibited different morphologies ( Figure S9 ). We attribute this difference to the varied coordination profiles of the different metal ions. [19] 
Membrane Preparation and Properties
Following successful preparation of the aMOF nanosheets, we next sought to examine their impact on the gas separation efficiency when dosing them into a PDMS gutter layer. Briefly, the aMOF nanosheets were mixed with amino-terminated PDMS, which were covalently linked by 1,3,5-benzenetricarbonyl trichloride. This was followed by spin-coating of the reacted formulation onto pre-wetted PAN substrates to produce PDMS@aMOF gutter layers (Figure 3a) . No detectable changes to the infrared spectra were observed between PDMS@aMOF and pure PDMS ( Figure S10 ), failing to account for the introduction of aMOF nanosheets. This is attributed to the limited number of specific nanosheet surface contacts compared to the bulk PDMS phase. [20] Notably, the resultant gutter layer exhibited low roughness, similar to a pristine PDMS example, indicating an even dispersion of aMOF nanosheets within the PDMS matrix ( Figure S11a ). It is known that many MOFs are not stable in highly acidic solution, as indicated by acid-base theory (i.e. strong acid will replace weak acid). However, in the current reaction, the generated HCl molecules have very low solubility in the employed hydrophobic hexane, limiting their interaction with the aMOF nanosheets. In addition, we also observed some aMOF aggregation after spin-coating via AFM measurements ( Figure  S11b ). This result further demonstrates that the aMOF nanosheets are chemically stable during the spin-coating process.
Unexpectedly, the prepared gutter layer with only ~1.8 wt% aMOF inclusion exhibited a more than 3-fold increase in CO2 permeance (10,450 GPU at 1.0 bar) with a good CO2/N2 ideal selectivity of 9.1 in comparison with pristine PDMS gutter layers (2,880 GPU, CO2/N2 = 10) of similar thickness. Of particular note, this result exceeds the theoretical value predicted by the widely applied Cussler model (Equation 1) for membranes containing 2D nanosheet fillers (Table S1 ). [21] (1) Cussler model: ! """ = ! $ %&1 − ∅ * + + - where ! $ and ! * are the permeability of polymer matrix and 2D fillers, respectively. 9 * is the aspect ratio (width/thickness) of the filler phase and ∅ * is the fraction volume of the filler in a polymer matrix. The permeability of PDMS (660 Barrer at 230 nm) used here was calculated via a resistance model. [22] (2) Resistance model:
where ! : is the pure gas permeability, ; : is the pure gas permeance, and = is the membrane thickness. Previous studies conducted by Yoo et al. and Firpo et al. suggest that the resistance model is not suitable in thin film PDMS membranes to predict gas permeance (; : ) using a constant gas permeability, because the gas permeability of PDMS will decrease with reducing its thickness. [4, 6b] However, the gas permeance in this study is known, we thus can calculate gas permeability (Pi) through the tested membrane thickness. Based on the resistance model, the PDMS@aMOF layer has a CO2 permeability of 2,400 Barrer, which is closer to the theoretically value of 3,800 Barrer, compared with pristine PDMS (230 nm, 660 Barrer) layer, [3] indicating the successful mitigation of thickness-dependent gas permeability of PDMS membranes. Under further investigation, we found that the enhanced permeance can be attributed to two possible factors: Firstly, XRD characterization reveals that the embedded aMOF nanosheets can increase the disorder degree of PDMS chain packings and thereby increase the free volume within the PDMS layer, favoring an increase in diffusion properties of the formed membrane ( Figure S12 ). [23] Secondly, the hierarchical porous structure of the aMOF nanosheets provide a fast diffusion pathway along horizontal direction, which can significantly reduce the geometric restriction effect of the composite configuration ( Figure 4a , b and e). [7a, 24] In order to verify the second hypothesis, we conducted two control experiments. Firstly, we prepared an ultrathin aMOF nanosheet layer based on a PAN substrate using a similar mass to that employed in the previous experiment. The MOF layer was isolated via vacuum filtration, then a PDMS or PDMS@aMOF layer was spin-coated on top of the aMOF layer (Figure 4c and d) .
In the case of inserting an aMOF nanosheet layer between the PDMS and substrate (Figure 4c ), the resultant membrane showed a CO2 permeance of 7,260 GPU together with a CO2/N2 ideal selectivity of 9.8. The increase in CO2 permeance indicates that the geometric restriction of the porous substrate for CO2 permeance has been essentially mitigated (or removed) by the fast gas diffusion through the porous aMOF nanosheet layer, in comparison with pristine PDMS gutter layer (Figure 4a ). Further replacing the pristine PDMS layer with a PDMS@aMOF layer, the CO2 permeance reached 14,220 GPU along with a CO2/N2 ideal selectivity of 9.0 ( Figure 4d ). When comparing the separation performance illustrated in Figure 4a -d (CO2 permeability increased from 660 Barrer to 3270 Barrer), the embedding of aMOF nanosheets into PDMS matrix could substantially enhance gas separation performance, indicating both the substrate geometric restriction and the thickness-dependent gas permeability issues have been substantially resolved.
We also investigated the type of aMOFs and their morphological influence of aMOF fillers on gas permeance through PDMS membranes. Of particular note, all of the examined aMOFs are nanoparticles. As shown in Figure S13 , aMOF-Zr (~30 nm, Figure S8g ) and aMOF-Al (~50 nm, Figure S8h ) nanoparticles were poorly dispersible in hexane, resulting in a lower mass loading in the doped PDMS matrix compared to aMOF-Cu. The resultant PDMS@aMOF-Al and PDMS@aMOF-Zr membranes presented a CO2 permeance of 9,700 GPU and 12,800 GPU together with a CO2/N2 selectivity of 4.7 and 2.5, respectively. The improved CO2 permeance together with the decreased CO2/N2 selectivity are indicative of aggregation of the MOF nanoparticles, leading to the formation of defects ( Figure  S14 ). Considering the high gas separation performance along with high processability of the PDMS@MOF gutter layer, the fabricated membranes ( Figure 4b ) were further tested under variable gas separation conditions.
Significantly, the PMDS@aMOF gutter layer showed a constant CO2/N2 separation performance under a pressure between 0.5-4.0 bar (Figure 5a ). However, an increasing trend of gas permeance along with loss of gas selectivity was observed under elevated temperatures. This result can be attributed to the well-known plasticization of PDMS chains at high temperatures (Figure 5b ). The stability of the prepared PDMS@aMOF gutter layer in the presence of water vapor (100% relative humidity) was also examined, revealing a 16% loss of CO2 permeance together with a 21% loss of CO2/N2 selectivity due to the competitive sorption effect of H2O (Figure 5c ). Importantly, the PDMS@aMOF gutter layer recovers its original separation performance after being dried under vacuum, highlighting its high stability towards water vapor. [25] Further figure details are summarized in Table 1 . [a] The total thickness represents the thickness of selective layer and gutter layer. [b] All the listed work are the results of single gas separation tests. The results of the mixed gas (CO2/N2 = 10/90) separation tests of this work have been marked with *.
Interestingly, the PDMS@aMOF gutter layer displayed enhanced thermal stability compared to the pristine PDMS counterpart ( Figure S15 ). This result may be attributed to the strong interaction between PDMS and aMOF nanosheets. Both the CO2 permeance and CO2/N2 ideal selectivity of the PDMS@aMOF gutter layer remained constant after storing in air for two weeks at 35 °C (Figure 5d ). However, upon further extending the testing time to three weeks, the CO2 permeance increased around 10% compared to the initial performance along with a 20% loss of CO2/N2 ideal selectivity. This result can be attributed to the CO2 induced plasticization, whereby PDMS interchain interactions were disrupted under the solvating effect of polarizable CO2 molecules, leading to faster gas permeation and a loss of selectivity. The PDMS@aMOF membranes displayed good structural integrity and flexibility, maintaining their original shape and separation performance after being bent to a large degree for one week ( Figure S16 ).
Increasing the mass loading of the aMOF nanosheets in the PDMS layer to ~3.6 wt% resulted in increased roughness at the air-polymer interface ( Figure S10b ), along with an increased CO2 permeance (12,100 GPU) and an attenuated CO2/N2 ideal selectivity (CO2/N2 = 7.1). This is attributed to the low dispersity and strong aggregation tendency of the aMOFs nanosheets in nonpolar solvents, leading to an exposed population of aMOF nanosheets close to the surface. This phenomenon is exacerbated by the use of three-dimensional aMOF nanoparticles as additives ( Figure S14 ). Therefore, thoroughly dispersed porous nanosheets in a PDMS matrix are a desirable trait for the preparation of high-permeance PDMS gutter layers.
For economic post-combustion CO2 capture, a high CO2 permeance (> 1,000 GPU) along with good CO2/N2 selectivity (> 20) are desirable for membrane-based systems. [25] In addition, process constraints, such as the low feed pressure (ca. 1 bar), high volume, and low CO2 concentration (15−16%) of flue gas as well as a high CO2 removal requirement (50−90%) further challenge the development of viable membrane designs. [26] Compression of flue gas to high pressures to assist membrane permeation should be avoided to conserve the energy cost of such unit processes. For example, ~20% of the produced energy of power plants would be consumed when compressing the feed to a pressure of 5 bar. [25] To demonstrate the potential of our approach in a complete TFC membrane assembly for postcombustion CO2 capture, an integrated TFC membrane was fabricated by growing a polymeric selective layer onto the crosslinked PDMS@aMOF gutter layer via a continuous assembly of polymer (CAP) nanotechnology (Figure 3a) . The resultant composite membrane was then cut using a focused ion beam (FIB) and the cross-section was imaged using TEM to reveal the morphology of the individual layers (Figure 3c and d) . From this analysis, the thickness of the selective layer is determined to be ~54 nm, agreeing well with SEM measurements (Figure 3b ). In single gas separation tests, the resultant TFC membranes exhibited a CO2 permeance of 1,990 GPU with a CO2/N2 ideal selectivity of 39 (1.0 bar and 35 °C), positioning this membrane well inside the target characteristics for Table 1 . The economic evaluation figure was referred from Merkel et al. [25] post-combustion CO2 capture (Figure 5e and f, Table 1 ). Significantly, the prepared TFC membrane maintains such separation performance under a broad feed pressure range between 0.5−4.0 bar. To the best of our knowledge, this is the highest level of CO2 permeance yet reported for a flexible composite membrane employing a PDMS-based gutter layer. Such dramatic increase in gas permeance is attributed to the decrease in gas permeation resistance of the gutter layer via nanosheet MOF incorporation. [8b] Comparing this performance with TFC membranes incorporating a pristine PDMS gutter layer (1,260 GPU, Entry 2, Table 1 ), [5] reveals a 58% increase in CO2 permeance while maintaining a similar CO2/N2 selectivity, corresponding to a ~30% decrease in capture cost (~US$22 vs. ~US$31, Figure 6 ). In addition, such a capture cost of this newly designed membrane is much lower than those of state-of-the-art TFC membranes ( Figure 6 ). To further validate this design, the fabricated TFC membranes were also examined in a mixed gas separation (CO2/N2=10/90) scenario. Due to the lower CO2 concentration and diffusion, a lower CO2 permeance of 1,280 GPU and CO2/N2 permselectivity of 24 was observed, in line with expectations ( Figure 5f and Entry 12, Table 1 ). Such performance maintains compliance with the economic requirements for postcombustion CO2 capture, highlighting the excellent potential of this technology for industrial TFC membrane development.
Conclusion
In conclusion, we report a straightforward strategy to reduce the gas transport resistance of PDMS gutter layers by introducing trace amounts of ultrathin aMOF nanosheets into a PDMS matrix. Our MOF-doping strategy mitigates the issues associated with conventional composite membranes, including the thicknessdependent gas permeability of PDMS materials and the geometric restrictions of porous substrates. The prepared PDMS@aMOF gutter layer displayed significantly enhanced gas permeance, which can be attributed to i) the presence of fast gas transport lanes along horizontal direction introduced by the embedded aMOF nanosheets, and ii) increases in the free fractional volume of the PDMS layer following inclusion of aMOF nanosheets. By employing PDMS@aMOF as a gutter layer in a complete TFC assembly, the fabricated membranes exhibited the highest CO2/N2 separation performance yet observed for a PDMS-based TFC membrane. This study thus opens up an avenue for the development of scalable, next generation TFC membranes with high-performance and high processability for industrial gas separation.
Experimental Section
Synthesis of MOFs. Bulk MOF-74-Cu was synthesized using the previously published procedures. [15a] The aMOF nanosheets were synthesized by the coordination modulation method. Typically, DOBDC (36.0 mg) and 30.0 mg of Cu(NO3)2·2.5H2O were dissolved in a glass vial containing a mixed solvents (4.0 mL of DMF and 4.0 mL of CH3CN). The glass vial was heated at 313 K for 24 h in static conditions. The reaction mixture was decanted by filtration and the remaining powder was soaked in 30.0 mL of THF at room temperature for 12 h, after which the solvent was decanted and replaced with fresh deionized THF. Then, the solvent was switched to methanol and the process was repeated. Finally, the aMOF nanosheet solid was collected by filtration and fully desolvated by heating under vacuum at 373 K for 24 h.
Preparation of the aMOF/hexane solution (0.36 mg/mL). 30.0 mg of the fully desolvated aMOF nanosheets were dispersed into 1.0 L of n-hexane and sonicated for 2 h. The resultant mixture was centrifuged at 4,000 r.p.m for 20 minutes to remove the thicker aMOF nanosheets and afford a transparent green solution (800.0 mL). The green solution was concentrated to 400.0 mL by rotate evaporation. To determine the concentration of the aMOF nanosheets in hexane, 45.0 mL of the obtained solution was placed in a glass vial and dried in vacuum at 90 °C overnight. The concentration of the aMOF nanosheets (0.36 mg/mL) was determined by comparing the weight changes of the glass vial.
Fabrication of the PDMS@aMOF gutter layer. 0.2 g of NH2-PDMS-NH2 (0.04 mmol, 1 equiv.) was dissolved in 10.0 mL of the green MOF solution (2.0 % w v -1 , solution A). Another solution was prepared by dissolving 7.0 mg of TMC (0.0267 mmol) in 0.35 mL of pure n-hexane (2.0 % w v -1 , solution B). The two solutions were mixed for 2 min and 1.0 mL of the solution was then spincoated (1,000 rpm, 10 s) onto each PAN substrate (19.63 cm 2 , pre-wetted in deionized water for 60 min by sonication) to prepare PDMS@aMOF gutter layer. Then, 0.35 mL of TMC solution (1.0 % w v -1 , in n-hexane) was added into 10.0 mL of poly(DMSco-BIBAPMS) solution (2.0 % w v -1 in n-hexane). 1.0 mL of the mixture was spin-coated (1,000 rpm, 10 s) on the precoated PDMS@MOF gutter layer to provide the PDMS@aMOF initiator layer. Finally, the precoated substrates were dried in vacuum for 24 h (1 mbar). Each of the obtained PDMS@aMOF membranes was tested the gas separation performance before coating the selective layer.
Fabrication of the PEG selective layer. The CAP process on PDMS@aMOF coated PAN substrate was also conducted under ARGET-ATRP conditions. The PAN substrates with PDMS@aMOF initiator layer were immersed in an aqueous solution of CuBr2 (1 mM), Me6TREN (3 mM), sodium ascorbate (20 mM) and macrocross-linkers (PEGDMA, 200 mM). After the specified reaction time at room temperature, the substrates were removed, washed with DI water, soaked in water (50.0 mL) for 10 min and then dried in vacuo at 25 °C for 24 h before the gas separation tests. (≥ 98%) CH3CN) . The glass vial was heated at 313 K for 24 h in static conditions. The resultant particles were washed twice with ethanol and collected by filtration. Finally, the obtained aMOF-M were redispersed in 10 mL of ethanol.
Synthesis of PDMS macroinitiator poly(DMS-co-BIBAPMS)
Scheme S1. Preparation of PDMS macroinitiator poly(DMS-co-BIBAPMS).
The esterification of aminopropyl groups of poly(DMS-co-APMS) with 2-bromoisobutyryl bromide (BIBB) was detailed in our previous report, as illustrated in Scheme S1. [2] Poly(DMS-co-APMS) (10.0 g, 135.1 mmol; 9.4 mmol of aminopropyl groups) was dissolved in 100.0 mL of anhydrous toluene firstly. The solvent was removed via high pressure rotate evaporation. Thereafter, anhydrous TEA (3.9 mL, 28.3 mmol) and anhydrous DCM (100.0 mL) were added to re-dissolve the poly(DMS-co-APMS) under nitrogen atmosphere. Then, 1.7 mL of BIBB (14.1 mmol) was diluted with 30.0 mL of DCM and added into the solution at room temperature with 60 min under vigorous stirring condition. The mixture was further stirred overnight. The resulting mixture was washed with 200.0 mL of DI water for three times, stirred with anhydrous MgSO4 for 6 h, filtered, and finally concentrated in vacuo (1 mbar) at 30 °C. The yellow color, amorphous polymer product poly(DMS-co-BIBAPMS) with a yield of 90 % was obtained. 1 
Characterization
X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance instrument with Co Kα radiation (40 kV, 40 mA) and a scanning rate of 0.02°. For the PDMS and PDMS@aMOF samples, the PDMS and PDMS@aMOF solution were spin-coated onto zero-background silicon support to avoid the interference from the PAN substrates. Scanning electron microscopy (SEM) was conducted in a FEI Teneo Volumescope operated at an accelerating voltage of 10 kV. Samples were pre-coated with gold using a Dynavac Mini Sputter Coater prior to imaging. Atomic force microscopy (AFM) were recorded in air-tapping mode on an MFP-3D instrument (Asylum Research, Santa Barbara) with a silicon tip (frequency 70-90 Hz). Transmission electron microscopy (TEM), scanning transmission electron microscope (STEM) and energydispersive X-ray spectroscopy (EDX) mapping were performed on a FEI Tecnai F20 microscope equipped with an EDAX TEAMTM EDS System. Proton nuclear magnetic resonance spectroscopy ( 1 H NMR) was performed using a Varian Unity (400 MHz) spectrometer. Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) spectra were obtained on a Nexus 470 Fourier-Transform Infrared Spectrometer (Bruker). The Raman spectra of the aMOF nanosheets and MOF-74-Cu were obtained on a Renishaw inVia Qontor confocal Raman microscope. X-ray photoelectron spectroscopy (XPS) analysis was performed on a VG ESCALAB 220i-XL spectrometer under ultrahigh vacuum (6 × 10-9 mbar). Thermogravimetric analysis (TGA) was performed on a Diamond TG/DTA (PerkinElmer) in N2 (30 mL min -1 ) with heating rate of 10 °C min -1 . Gas sorption isotherms of the aMOF nanosheets were determined with N2 (at 77 and 308 K) and CO2 (at 308 K) adsorbates in ASAP 2010 equipment. Prior to the measurements, the adsorbent was outgassed at 393 K under dynamic vacuum for 48 hours. Non-local density functional theory (NLDFT) method was utilized to calculate the pore size distribution. Differential scanning calorimetry (DSC) was recorded on a Perkin Elmer instrument (DSC 8500) with a heating rate of 5 K/min.
Gas separation tests
The gas separation performance of the prepared membranes was evaluated using an in-house built gas separation rig (Scheme S2), with all separation data collected from at least three membrane samples.
Pure gas permeation test
The permeance of single gas through the prepared TFC membranes was tested by an in-house built constant pressure variable volume (CPVV) apparatus at 0.5-4.0 bar (gauge pressure) and 308 K (Scheme S2a). TFC membrane was installed in a Teflon cell and tested N2 first and then CO2. The gas permeance (" # , unit of " # is GPU, 1 GPU = 3.3 × 10 -1 mol m -2 s -1 Pa -1 )) is calculated by equation:
where & # is the gas flux of penetrant component ., '( is the partial pressure difference across the membrane and A is the effective membrane area. The gas permeability (/ # ,unit of / # is Barrer, 1 Barrer = 10 -10 cm 3 (STP) cm cm -2 s -1 cmHg -1 ) is calculated by equation:
where 0 is the thickness of the membrane. The ideal selectivity (2 #3 * ) of gas pairs (i and j) is defined as:
Mixed gas permeation test
Mixed gas separation (CO2/N2 = 10/90 in volume) was measured with helium as the sweeping gas on the permeate side to continuously remove the permeated components from the membrane cell at 308 K and the gas pressure drop was kept at 1 bar (Scheme S2b). The gas flow rate of the permeate side was measured by a digital flowmeter (ADM2000, Agilent Technologies). The composition of the permeate side was determined by a gas scanning electron microscope chromatography (GC 490 micro, Agilent Technologies).
Scheme S3. Schematic illustration of apparatuses for (a) single gas permeation tests and (b) mixed gas permeation tests.
Resistance model
Scheme S4. Schematic diagram of the cross-section of a composite membrane. 0 8 and 0 # are the thickness of the selective layer and gutter layer respectively; 9 8 , 9 # and 9 : are the resistances of the selective layer, gutter layer and the support layer, respectively.
Resistance model is used to evaluate the single layer performance of a composite membrane in single gas penetration and the total resistance (9 ; ) was expressed as: [2] [3] 9 ; = 9 8 + 9 # + 9 :
The resistance arising from porous support (9 : ) can be ignored. Hence, the total resistance of the obtained TFC membranes can be written as a product of thickness over permeability of the selective layer:
where / 8 and / # are the gas permeability of the selective layer and gutter layer, respectively. CO2/N2 ideal selectivity 0.96 10 *The pycnometric density of the aMOF nanosheets was measured using a Micromeritics Accupyc 1340 gas pycnometer (1 cm 3 model). The mass of aMOF nanosheets was 0.3 g with the values quoted being the mean and standard deviation from a cycle of 10 measurements. # The CO2 and N2 permeability aMOF were obtained from aMOF/anodisc composite membranes fabricated by vacuum filtration. & The CO2 and N2 permeability of PDMS (230 nm) was referred from Fu et al. [2] For mixed matrix membranes contain 2D nanosheet as fillers, the gas permeability (/ @@@ ) is normally predicted by Cussler model: [4] / @@@ = / where / A and / F are the permeability of polymer matrix and 2D fillers, respectively. I F is the aspect ratio (width/thickness) of the filler phase and ∅ F is the fraction volume of the filler in polymer matrix. The I F in this work is 333 (width: 2 µm and thickness: 6 nm) and the ∅ F is 0.7 vol.%. Therefore, the theoretical / @@@ (CO2) predicted by Equation 1 is 700 Barrer, which is much lower than the calculated CO2 permeability of this work (10,450 GPU X 0.23 µm ≈ 2,400 Barrer). Figure S12 . The XRD patterns of the pristine PDMS (black) layer and PDMS@aMOF (blue) layer on zero-background silicon support. The broad hump at around 11.4° is attributed to the characteristic peak of amorphous PDMS. [5] The full width at half maximum (FWHM) is normally used to determine the crystallinity of the tested samples. In comparison with the pristine PDMS layer (FWHM: 2.3), the peak of the PDMS@aMOF layer become broad (FWHM: 2.6), which suggests the degree of the molecular in-plane orientation decreased, i.e. a more random chain arrangement. These two membranes were prepared by the same method. A rough surface caused by the aggregation of aMOF nanoparticles can be observed from each gutter layer. Due to the severe aggregation defects generated in the top layer, the resultant membranes showed an increase in gas permeance with a decrease in CO2/N2 selectivity. Figure S15 . TGA curves of the pure PDMS gutter layer (black), PDMS@aMOF gutter layers with low (blue) and high (purple) aMOF loadings, and the final PEG TFC membrane (red). Inset is the enlarged area between 300 °C and 350 °C. Although aMOF have a decomposition temperature of < 300 °C, the PMDS@aMOF gutter layers showed higher stability than pure PDMS gutter layer. A higher decomposition temperature was observed in the case of PDMS@aMOF gutter layer with a higher aMOF loading. These results therefore suggest strong interaction between the PDMS chains and the aMOF nanosheets. The final PEG membrane presented a lower stability than the PDMS@aMOF (H) gutter layer. This can be attributed to the lower decomposition temperature of the PEG layer compared to PDMS. Figure S16 . Image of the bent PDMS@aMOF membrane in a glass vial (∅ 25 mm) before coating the PEG selective layer.
